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In this paper, we deal with finite element modeling techniques for the dynamic behavior of 
sheet metal structures jointed by spot welds. Spot welds are widely used in the automotive 
industry to join thin sheet metal. The global structural behavior of automotive structures is 
highly affected by the characteristics of spot welds. A major requirement of spot weld finite 
element models is to accurately predict the dynamic characteristics of welded structures with a 
small number of degrees of freedom. In addition, spot weld models are easy to generate for 
non-congruent meshes of the jointed metal sheets. The most commonly used finite element 
model in the automotive industry is the ACM2 (area contact model 2) model that is generated 
using several types of elements in NASTRAN. The ACM2 model consists of a single solid 
element connecting the upper and lower shell elements with constraint elements, called RBE3 
element. The RBE3 element is an interpolation element and automatically generates internal 
MPC (multi-point constraint) equations in FE analysis process. The group of shell elements in 
the definition of the ACM2 model is called a patch and each patch generally consists of four 
shell elements. 
We create a finite element model of spot welds in ANSYS, having the same features as the 
ACM2 model generated in NASTRAN. Using the model created, we investigate the effect of 
mesh size in the patch area on the modal properties such as natural frequency and mode shape. 
As an example structure, the structure that consists of two steel plates jointed by three spot 
welds is used. The main conclusions of this paper are as follows. 
1. The ACM2 model is relatively sensitive to the mesh size in the patch area.  
2. When mesh size in the patch area increases, the natural frequencies increase. This is 
because the stiffness at the center of the patch area increases due to the increase of patch area. 
3. Too large mesh size causes the stiffness loss. This is because the patch area is not 
properly built such that the patch area consists of less than four shell elements. 
4. Too small mesh size causes the stiffness loss. This is because the patch area is not 
properly build and the center of highest stiffness does not exist.  
Therefore, the patch area must be meshed with care. The proper shell element size in the 
patch area is dependent on the solid element size determined from the diameter of a weld nugget. 
The recommended range of the ratio of element sizes of the shell to the solid elements is 
between 1.0 and 1.5. 
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In this paper, we deal with finite element modeling 
techniques for the dynamic behavior of sheet metal 
structures jointed by spot welds. A major requirement of 
spot weld finite element models is to accurately predict the 
dynamic characteristics of welded structures with a small 
number of degrees of freedom. In addition, spot weld 
models are easy to generate for non-congruent meshes of 
the jointed metal sheets. For this purpose, a model using 
multi-point constraint (MPC) is widely used in the 
automotive industry. For the model using MPC, we 
investigate the effect of mesh size in the area of the spot 
weld (patch area) on the modal properties such as natural 
frequency and mode shape. As an example structure, the 
structure that consists of two steel plates jointed by three 
spot welds is used. The results indicate that the proper shell 
element size in the patch area is dependent on the solid 
element size determined from the diameter of a weld 
nugget. The recommended range of the ratio of sizes of the 




Spot welds are widely used in the automotive industry 
to join thin sheet metal. The global structural behavior of 
automotive structures is highly affected by the 
characteristics of spot welds. It is important to understand 
the mechanical characteristics of the welded joints. The 
static strengths of spot welds have been investigated using 
very detailed finite element (FE) models [Radaj et al. 
(1990), Chen et al. (2000)]. Although a detailed model 
produces reasonable results, it requires a large amount of 
effort for modeling and computational time. Thus, 
modeling each spot welded joint in detail is often 
impractical because a typical vehicle body-in-white usually 
contains several thousands of spot welds. 
For the dynamic analysis of spot welded structures, a 
major requirement of spot weld finite element models is to 
accurately predict the dynamic characteristics of welded 
structures with a small number of degrees of freedom. In 
addition, spot weld models are easy to generate. That is, it 
is easy to connect congruent as well as non-congruent 
meshes and to locate weld nuggets anywhere in the meshes. 
For this purpose, Heiserer et al. (1999) have proposed the 
ACM2 (area contact model 2) model and Jonscher et al. 
(2000) have proposed the CWELD model. They are the 
most commonly used finite element models in the 
automotive industry. Lardeur et al. (2000) have evaluated 
the performance of a model based on the ACM2 for the 
vibrational behavior of the automotive structures. 
Palmonella et al. (2004) have shown guidelines for the 
implementation of the CWELD and ACM2 models in 
structural dynamics. Donders et al. (2005) have used a 
model like the ACM2 model in assessing the effect of spot 
weld failure on dynamic vehicle characteristics. 
On an industrial point of view, since a coarse mesh is 
desired, it is necessary to make detailed examination of the 
effects of mesh size in the area of the spot weld. However, 
only a few papers have been reported on this subject. 
In this paper, we focus on the ACM2 model and 
investigate the effects of mesh size in the area of the spot 
weld on the modal properties such as natural frequency and 
mode shape. Then, the reasons for the changes in natural 
frequencies are discussed. We create a finite element model 
of spot welds in ANSYS, having the same features as the 
ACM2 model generated in NASTRAN. As an example 
structure, the structure that consists of two steel plates 
jointed by three spot welds is used. 
 
 
2. SPOT WELD FINITE ELEMENT MODEL 
A spot welded joint is formed when two metal sheets 
are pressed together by electrodes and an electric current is 
passed through. This creates a weld nugget of certain 
diameter between the sheets, which connects the two sheets. 
To analyze a smooth stress field at the spot weld, a very 
detailed model of the spot welded joint is necessary. On the 
contract, this is not necessary for vibration analysis of a 
whole welded structure because a model is required to 
properly represent the stiffness characteristics of spot welds 
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and to predict their influence on the rest of the structure. 
This allows the use of simple models. That is, weld nuggets 
are modeled using a single beam element or a single solid 
element and jointed sheets are modeled using shell 
elements. However, since these models require the jointed 
sheets to mesh congruently (coincident nodes), this causes 
a large amount of modeling time. 
Therefore, the main requirements of spot weld models 
are to accurately represent the stiffness characteristics of 
the welded joints and to make the modeling process 
independent of the mesh of jointed sheets. The most 
commonly used finite element models in the automotive 
industry are the CWELD and the ACM2 models. These 
models provide the advantage of being able to connect 
sheets with non-congruent meshes and to locate weld 
nuggets anywhere in the meshes. The CWELD model is 
implemented in NASTRAN as the CWELD element  
while the ACM2 model is generated using several types of 
elements in NASTRAN. 
 
 
2.1 ACM2 Spot Weld Model 
In this paper, we focus on the ACM2 model as shown 
in Figure 1. The ACM2 model consists of a single solid 
element (shaded cuboid) connecting the upper and lower 
shell elements with constraint elements, called RBE3 
element (dotted and dashed lines) available in NASTRAN. 
Each node of the solid element is connected to four nodes 
of one shell element via RBE3 elements. The group of shell 
elements in the definition of the ACM2 model is called a 
patch and the patch generally consists of four shell 
elements for each of the two sheets. The RBE3 element is 
an interpolation element and automatically generates 
internal MPC (multi-point constraint) equations in FE 
analysis process. The mathematical specification for the 
RBE3 element is not available while the derivation of MPC 




2.2 MPC equation by RBE3 element 




Figure 1. ACM2 SPOT WELD MODEL. 
relationship between displacements of the nodes within a 
FE model. Figure 2 shows the connections between one 
node of a solid element and four nodes of a shell element 
with four RBE3 elements. For the ACM2 model, since the 
five nodes lie in the same plane, the translations in the x, y 
and z directions at the solid element node are expressed 
with the translations in the x, y and z directions at the four 
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where ݑ௫ௌ௢௟௜ௗ, ݑ௬ௌ௢௟௜ௗ, ݑ௭ௌ௢௟௜ௗ are translations of the solid 
element node. ݑ௫௜ௌ௛௘௟௟, ݑ௬௜ௌ௛௘௟௟, ݑ௭௜ௌ௛௘௟௟ are translations of ith 
shell element node. ߙ௫௜, ߙ௬௜, ߚ௫௜, ߚ௬௜, γ௭௜ are coefficients 
of the MPC equations. The coefficients can be determined 
by the force method. 
As an example, a in-plane force in the x direction is 
applied at the solid element node as shown in Figure 3. 
First, the force applied at the solid element node ܨ௫ௌ௢௟௜ௗ is 
transferred to a center of gravity (CG) of four nodes of the 
shell element. This transfer produces the equivalent force 
ܨ஼ீ  and equivalent moment ܯ஼ீ  (an additional moment 
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Second, ܨ஼ீ is divided and applied at each shell element 
node proportionally according to the weighting factor ݓ௜ 




Figure 2. SOLID ELEMENT NODE AND SHELL ELEMENT 
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Figure 3. COMCEPT OF FORCE DISTRIBUTION. 
 
 


















         (3) 
 
Third, ܯ஼ீ  is divided and applied as a force at each shell 
element node. The force ܨ௜ெ  at ith node is determined 
proportionally according to the distance ݎ௜  from the CG 
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Fourth, total force applied at each shell element node is 
obtained to sum forces ܨ௜ி and ܨ௜ெ. Finally, a resultant 
force at each shell element node is divided into x and y 
components. As a result, the forces distributed to four shell 



































































































where the second term of ߙ௫௜ is the x component of ܨ௜ெ 
and ߙ௬௜  is the y component of ܨ௜ெ . In this paper, the 
default value of 1 is used as the node weighting factor ݓ௜.  
Once ߙ௫௜  and ߙ௬௜  are obtained, they are used as 
coefficients of the MPC equations in Eq.(1). For other cases 
that a force is applied in the y or z directions at the solid 
element node, the coefficients of the MPC equations can be 
determined in the same way. 
 
 
2.3 Equation of motion 
For all nodes of solid elements that represent weld 
nuggets, the translations in the x, y and z directions can be 
expressed in terms of the translations in the x, y and z 
directions at shell element nodes of the patch that consists 
of four shell elements. As a result, the equation to reduce 













      (6) 
 
where ሼݑைሽ is the vector of the displacements at solid 
element nodes (omitted DOFs) and ሼݑ஺ሽ is the vector of 
the displacements and rotations of the whole structure 
model except the translations at solid element nodes (active 
DOFs). [I] is the identity matrix and [C] is the matrix of 
coefficients of the MPC equations. 
For the whole structure, the equations of motion can 
be represented by 
 
}0{}]{[}]{[  uKuM              (7) 
 
where [M] and [K] are mass and stiffness matrices, 
respectively. Substituting Eq. (6) into Eq. (7) and 
premultiplying the resulting equation by ሾܶሿ், we get the 
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Equation (8) implies that the masses and stiffnesses of solid 
elements are distributed so that the equivalent masses and 
the equivalent stiffnesses are added to those of shell 
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 The natural frequency ߱ and mode shape ሼ߶ሽ of 
the welded structure can be obtained from 
 
}0{}]){[]([ 2   AA MK            (9) 
 
 
3. PLATE EXAMPLE 
The characteristics of the ACM2 model are 
investigated using a simple welded structure shown in 
Figure 4. The structure consists of two steel plates with the 
same dimensions (230mm×200mm×1.6mm) jointed 
together by three spot welds. The overlap length of the two 
sheets is 20mm. Three spot welds are lined up on the center 
of the overlap in a longitudinal direction and in a transverse 
direction, one of the three spot welds is centrally located 
and the others are located 20mm away from the edge of the 
plate. Before investigating the characteristics of the ACM2 
model, we make a test structure with the same dimensions 
as in Figure 4. For the test structure, the diameters of weld 
nuggets are approximately 7mm. To verify the validity of 
the finite element model built in this paper, the frequency 
response functions (FRFs) are measured and predicted from 
results of FE analysis and then compared. 
 
 
3.1 Experimental Analysis 
Figure 5 shows the experimental setup of the test 
structure in a configuration for out-of-plane measurements. 
To simulate the free-free boundary condition, the structure 
is suspended in rubber bands. The response accelerometers 
are placed at the two corner of the plate. The structure is 
excited by an impact hammer at the upper right corner. The 
excitation force and the response accelerations are acquired 




3.2 Finite Element Analysis 
A FE model of the structure shown in Figure 4 is built 
and its natural frequencies are calculated by ANSYS. The 
upper and lower plates are modeled using SHELL181. The 
spot weld joins are modeled in the two different ways. The 
first is to model nuggets using a single cylindrical beam 
element (BEAM185 with 7mm diameter and 1.6mm high), 
called the beam model. The second is to model nuggets 
using a single solid element (SOLID185 with 6mm square 
and 1.6mm high), that is the ACM2 model. For the ACM2 
model, the RBE3 element available in NASTRAN is 
generated using the RBE3 command in ANSYS. For both 
of the plates and the weld nuggets, the material properties 
are  Young's  modulus  E=217GPa,  mass  densi ty 
ߩ=7840kg/m3 and Poisson's ratio ߥ=0.28. The mass of the 
accelerometer (5.3g) is taken into consideration as a  
 
Figure 4. TWO PLATES JOINTED WITH THREE SPOT WELDS. 
 
 




lumped mass. The natural frequencies and the mode shapes 
are calculated under the free-free boundary condition. 
For meshing the upper and lower plates, the mean 
mesh size is 6 mm. This means that the patches are strictly 
meshed with 6mm square shell elements, while areas along 
the edges are mashed with less than 6mm non-square 
elements. In addition, for the ACM2 model, the center of 
the patch area is coincident with the center of solid element. 
The mesh size of 6mm is used as a reference and its natural 
frequencies are used as a standard of comparison.  
Figure 6 shows the flexible mode shapes of after 
removing the first six rigid body mode shapes for the whole 
model using the ACM2 model. 
 
 
3.3 Comparison of measured and FE 
analysis results 
Figure 7 shows the comparison of FRFs measured and 
predicted from the results by FE analysis for driving-point. 
The resonance peaks for beam model (dashed-dotted line) 
are lower than those for the measured FRF (solid line). This 
implies that a single beam model leads to imprecise results 
and underestimates the stiffness of a real spot weld joint as 
Palmonella et al. (2005) showed. In contrast, the resonance 
peaks for the ACM model (dashed line) are in good 
agreement with those for the measured FRF. More 
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effects such as thickness distribution and non-flatness of 
the plates. Since the ACM2 model shows good 
performance, we investigate the dynamic characteristics of 
this model in detail. 
 
 
4. EFFECTS OF PATCH AREA 
It is important to investigate the effect of mesh size of 
the upper and lower plates on the characteristics of the 
ACM2 model. For the ACM2 model, the mesh size in the 
patch area determines the size of patch area and also affects 
a relative position between the centers of patch and solid 
element that represents a weld nugget. Thus, the effects of 
mesh size in the patch area on the dynamic characteristics, 
that is, the natural frequencies are examined. 
 
 
4.1 Coincidence of the centers of patch area 
and solid element 
The center of the patch area is coincident with the 
center of solid element (see Figure 8(a)). The mesh sizes in 
the patch area are chosen as 3, 9, 12 and 15mm. Their 
natural frequencies are compared with those for the mesh 
size of 6mm. The patches are strictly meshed with square 
shell elements, while areas along the edges are mashed with 
non-square elements. The mesh size of 3mm means the size 
of patch area is equal to that of the top area of solid element. 
Figure 9 shows the percentage differences in the 
natural frequencies for difference values of mesh sizes. The 
reference mash size is 6mm. It is seen that the mesh size 
significantly affects the variations in natural frequencies of 
the structure. Note that for the plate structure having the 
same dimensions as in Figure 4 with no spot weld, the 
results shows the variations in natural frequencies for the 
first 10 flexible modes are less than 1% when the mesh size 
varied from 3mm to 12mm. 
When the mesh size increases from 6 to 15mm, the 
differences in natural frequencies are positive and become 
larger (i.e. the natural frequencies increase). This is because 
the stiffness at the center of the patch area increases due to 
the increase of the patch area. As mentioned in section 2.3, 
the stiffnesses of solid elements are distributed to the 
stiffnesses of shell elements in the patch areas of the upper 
and lower plates. The characteristics of distributed stiffness 
can be similar to those of distributed forces. That is, when 
the mesh size increases from 6 to 15mm, the force at the 
center of patch, as shown in Figure 10(a), increases. As a 
result, the stiffness at the center of patch increases. On the 
contrary, when the mesh size is 3mm, the differences in 
natural frequencies are negative and their absolute values 
are large (i.e. the natural frequencies decrease). This is 
because the patch area is small and also the patch is not 
properly built as shown in Figure 10(b). In this case, the  
 
Figure 6. FIRST TEN FLEXIBLE MODE SHAPES. 
 
 
Measured: solid line, ACM2: dashed line, 
Beam: dashed-dotted line 
Figure 7. COMPARISON OF THE MEASURED AND FINITE 
ELEMENT PREDICTED FREQUENCY RESPONSE FUNCTIONS. 
 
     
(a) Coincidence          (b) Non-coincidence 
Figure 8. TOP VIEW OF THE ACM2 MODEL. 
Mode 1 Mode 2
Mode 3 Mode 4
Mode 5 Mode 6
Mode 7 Mode 8
Mode 9 Mode 10
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center of highest stiffness does not exist. 
From Figure 9, it is also seen that the effect of the 
mesh size is different from mode to mode. This indicates 
that the importance of the spot weld is different from mode 
to mode. Figure 11 shows modal strain energy for modes 1 
and 2. The modal strain energy is large in the welded area 
for the mode 1 while the level of the modal strain energy is 
homogeneous on the whole overlap area for mode 2. For 
this case, the effect of spot weld can be less important. 




Figure 9. PERCENTAGE DIFFERENCES IN THE NATURAL 
FREQUENCIES FOR DIFFERENCE VALUES OF MESH SIZES 
(REFERENCE MESH SIZE: 6mm). 
 
      
(a) 12mm mesh size             (b) 3mm mesh size 
Figure 10. PATCH AREA GENERATED. 
 
     
(a) Mode 1                    (b) Mode 2 
Figure 11. MODAL STRAIN ENERGY FOR MODES 1 AND 2. 
 
 
4.2 Non-coincidence of the centers of patch 
area and solid element 
In the previous section, the center of the patch area 
was exactly coincident with the center of the spot element. 
This is impractical in generating spot weld models of a real 
structure. In this section, this restriction is relaxed, that is, 
the center of the patch area is not-coincident with the center 
of solid element (see Fig.8(b)). The upper and lower plates 
are meshed with square elements from the middle of the 
jointed structure to each edge in the longitudinal and 
transverse directions. Thus, a relative position between the 
centers of the patch and the solid element cannot be 
controlled and the relative positions for three spot welds 
differ from each other. The mean mesh sizes are chosen as 
3, 6, 9, 12 and 15mm and their natural frequencies are 
compared with those for the same mesh size in the previous 
section. 
Figure 12 shows the percentage differences in the 
natural frequencies for each mesh size. When the mesh 
sizes are 6 and 9mm, the differences are less than 0.5% for 
all modes. The differences increase with increasing mesh 
size from 9 to 15mm. Particularly, the absolute difference 
for mode 1 is over 2% at the mesh size of 15mm. The main 
reason for this is that the patch does not consist of four 




Figure 12. PERCENTAGE DIFFERENCES IN NATURAL 
FREQUENCIES FOR EACH MESH SIZE. 
 
 
Figure 13. PATCH AREA FOR THE MESH SIZE OF 12mm 
(NON-COINCIDENCE OF THE CENTERS OF PATCH AREA 
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exceeds 12mm. This reduces the patch area and leads to 
stiffness loss. Note that the RBE3 command in ANSYS 
connects each of four nodes of a solid element with nodes 
of the shell element which each node of the solid element is 
lying inside. 
The results above indicate the patch area of the spot 
weld must be meshed with care and the mesh size is very 
important. For the case considered here, the optimal value 




In this paper, we have dealt with finite element 
modeling techniques for the dynamic behavior of sheet 
metal structures jointed by spot welds. As a finite element 
model of spot welds, we focus on the ACM2 model and 
create a finite element model of spot welds in ANSYS, 
having the same features as the ACM2 model generated in 
NASTRAN. Using the model created, we investigate the 
effect of mesh size in the area of the spot weld (patch area) 
on the modal properties such as natural frequency and 
mode shape. As an example structure, the structure that 
consists of two steel plates jointed by three spot welds is 
used. The main conclusions of this paper are as follows. 
1. The ACM2 model is relatively sensitive to the mesh 
size in the patch area.  
2. When mesh size in the patch area increases, the 
natural frequencies increase. This is because the stiffness at 
the center of the patch area increases due to the increase of 
patch area. 
3. Too large mesh size causes the stiffness loss. This is 
because the patch is not properly built such that the patch 
consists of less than four shell elements. 
4. Too small mesh size causes the stiffness loss. This is 
because the patch is not properly build and the center of 
highest stiffness does not exist.  
Therefore, the patch area must be meshed with care. 
The proper shell element size in the patch area is dependent 
on the solid element size determined from the diameter of a 
weld nugget. The recommended range of the ratio of 
element sizes of the shell to the solid elements is between 
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